We have been developing the use of plasma-membrane-bound fluorescent probes to measure 
INTRODUCTION
The control of cytoplasmic pH is important for cellular function and development [1] . In order to maintain this internal equilibrium while normal metabolism is producing acid, there must be a continuous net efflux of protons across the plasma membrane [2] . This suggests that the external pH adjacent to the membrane of a living cell may be substantially lower than that further from the cell [3] . The lowest pH values will be found at the surface in an interfacial region which can be considered as the environment of the bound proteins of the plasma membrane. It is this interfacial pH that will be measured by membrane-bound probes such as those described in the present paper. There will also be a pericellular region over which the pH increases to that of the bulk solution. The depth of this zone will vary with cellular metabolic activity and environment, but it is unlikely to extend more than about 1 gum from the cell surface [3] . As the action of certain catabolic enzymes would be favoured by an acidic microenvironment [4] , the existence of such local regions of low pH would have important implications when considering possible mechanisms of turnover of the extracellular matrix.
The measurement of pH values at cell surfaces using microelectrodes presents technical difficulties, owing to the size of the probe and the need for precise positioning, but the method has shown that acidic regions occur beneath activated macrophages adsorbed to a collagen substrate and under osteoclasts mediating bone resorption [5, 6] . However, an alternative method is needed to probe less-restricted environments and to provide data at higher spatial resolution. Fluorescent pH probes are powerful tools in the study of intracellular pH [7, 8] , and fluorescent lipids may be suitable for the measurement of pH values at the surface of living cells [9] .
We have examined the pH-indicator properties of some xanthene dyes bound to phospholipid vesicles through conjugates to PE. The effects of pH have been characterized by using the fluorescence-ratio method commonly used in microscopic measurements of intracellular pH [7, 8] . Although this method offers a number of significant advantages, it appears not to have been used with fluorescein conjugates in model membranes [10, 11] . We report here the results of fluorescence-ratio titrations of three xanthene-dyelabelled PEs in phospholipid vesicles. These conjugates have pK values between 3.5 and 7.5, and they are promising probes of cell-surface pH. MATERIALS This was made by allowing PE to react with an activated ester of the fluorophore. 5-(and 6-) Carboxy-2',7'-dichlorofluorescein (10.2mg, 20,gmol) and 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-triazine (6.5 mg, 40,gmol) were dissolved in dry dimethylformamide (0.6 ml).
Di-isopropylcarbodi-imide (3.2,g1, 20 gmol) was added and the mixture was stirred at 21°C for 3 h. PE (7.5 mg, 10 mol) and di-isopropylethylamine (20 gl, 116 gmol) in chloroform (0.75 ml) were added and stirring was continued for 2 h, by which time PE was not detectable on t.l.c. Chloroform (5 ml) was added, and the precipitated di-isopropylurea was removed by filtration. The organic phase was extracted twice with 50 (w/v) citric acid (10 ml) and twice with water (10 These were made at 37°C in a Perkin-Elmer LS-3 spectrofluorimeter equipped with Rank Brothers electronic stirrers. Buffer B or buffer C (3 ml) at the chosen pH was allowed to warm to 37°C, and blank values were recorded before adding the fluorescent vesicles. The final concentration of fluorophore was 0.1-0.5gum. Fluorescence was recorded at a fixed emission wavelength with two excitation wavelengths [16] . Fluorescein emission was at 526 nm and excitation was at 450 and 495 nm. Eosin emission was at 560 nm and excitation was at 470 and 532 nm. Dichlorofluorescein emission was at 540 nm and excitation was at 450 and 520 nm. The fluorescence ratio is defined as the fluorescence at the longer excitation wavelength divided by that at the shorter wavelength.
Calculation of pKb.
The theoretical basis of fluorescence-ratio titrations is analogous to that given by Grynkiewicz et al. [17] for calcium indicators. Briefly, it is assumed that the fluorescence spectrum changes with pH because of the ionization of a single group. In the case of fluorescein at pH values above pH 5.5, this is the hydroxy group on the xanthene ring [18] . If the dye concentration is sufficiently low, the fluorescence, F, observed at wavelengths A1 and A2 will be proportional to the concentrations of the emitting species, and we can write: 
RESULTS

FLPE
The fluorescence excitation spectrum of FLPE in DOPC vesicles changed with pH in a manner very similar to the absorbance changes reported for FLPE in asolectin vesicles [10] . When the fluorescence ratios were plotted versus pH (Fig. 1) was closely obeyed, and the fluorescein moiety had pKObS =7.5. Compared with the water-soluble sodium fluorescein, which had pKObS = 5.9, the titration curve was displaced towards more alkaline pH values.
In an uncharged membrane of DOPC such an increase in pKa would occur if the probe were located in a region of decreased dielectric constant [20] . However, fluorescent indicators also exhibit pKa shifts when bound to electrically charged membranes [20, 21] and macromolecules [22] . We examined, therefore, the effects of membrane composition and charge on pKObS. Vesicles were made with up to 15 mol % of PE, PA or PS and with 40 mol % of cholesterol. In the case of PE, the vesicles remained neutral, but vesicles with 15 mol 00 of PA and PS probably had surface potentials close to -30 mV in 0.1 M-NaCl [23] . Despite these changes, the pKobS values of FLPE remained close to 7.5 (Table 1) .
Similarly, incorporation of 40 mol % of cholesterol had only slight effects on pKObS (Table 1) . At low ionic strengths, vesicles with 15 mol % of PA or PS showed an increase in pKObS of 0.4 unit ( Table 2) . At 37°C this shift in pK is equivalent to a change in membrane potential of -25 mV. As expected, vesicles made with 15 mol 00 of PE were unaffected by changes in NaCl concentration (Table 2) . These results suggested that the indicator properties of FLPE were relatively insensitive to lipid composition within the range encountered in biological membranes [24] . However, the value of pKObS limits the usefulness of FLPE as a probe of cell-surface pH. Fig. I shows that FLPE is most responsive at pH values above 6.5, whereas studies with microelectrodes have shown that the pH can fall below pH 4 in a restricted environment adjacent to living cells [6] . EOPE
The pKa values of halogenated xanthene dyes are substantially lower than that of fluorescein. Thus, 5- carboxyfluorescein has pKa = 6.5, whereas the brominated derivative 5-carboxyeosin has pKa in the range 4-5 [25] . If, like fluorescein, conjugation to PE and incorporation into vesicles leads to an increase in pK, the pH response of EOPE would be in the range 5-7.
However, when EOPE was titrated using the fluorescence-ratio method (Fig. 2) , the probe did not behave as expected and had a very low pKObS value of 3.5. Although EOPE may be applicable to the measurement of pH values under macrophages and osteoclasts [6] , it has too low a value of pKobs to allow measurements above pH 5 . DCPE
It seemed likely that the anomalous behaviour of EOPE was due in some way to a shielding effect of the probes to-measure the pH values influencing local enzyme activity in the interfacial and pericellular regions around living chondrocytes [9] . These cells can be stimulated to resorb their extracellular matrix by agents such as retinol [26] , bacterial lipopolysaccharides [27] and the cytokines interleukin 1 [28] and tumour necrosis factor [29] . Characterization of proteoglycan fragments released from cartilage stimulated by interleukin I suggests that proteolytic enzymes are involved in the breakdown [30] , but these proteinases have not been identified. There is some evidence that the proteolytic activity in stimulated cartilage is not freely diffusable [31] , but this could reflect the denaturation of the enzyme(s) on diffusion away from a local acidic environment around the cell. Such behaviour might be expected of the lysosomal enzymes cathepsins B [32] , D [33] and L [34] , although there is no evidence to support their involvement in cartilage resorption [35] . 6 .0 (Fig. 3) . As addition of the ionophore carbonyl cyanide m-chlorothe pKObS of DCPE was insensitive phenylhydrazone did not alter the value of pKObS . of the membrane (Table 3) .
We were also concerned that the probes acted as true 1989 0 co a) C.) a) C.) ( n ) 0 pH indicators and were not sensitive to changes in local surface charge. If this were so, regions of higher charge density would appear to have a different pH. However, when charged lipids were added to the vesicles, the effects on pKObS were small (Tables 1 and 3 ) and at physiological salt concentrations the indicator properties of the probes will be insensitive to changes in membrane potential.
These studies suggest that the xanthene-dye-labelled phosphatidylethanolamines are promising probes for fluorescence-ratio measurements of interfacial pH in cellular systems. Fluoresceinyl-PE is suitable for measurements at physiological pH and DCPE responds from pH 7 down to pH 5. At more acidic pH values, eosinyl-PE will allow measurements down to pH 3. Thus these three probes are sensitive to pH over the whole range of values likely to be encountered under physiological conditions.
